This paper presents a wideband circularly polarized (CP) connected parallel slot array that basing on the Wheeler's infinite current sheet concept. The proposed wideband CP array composes orthogonally arranged equivalent magnetic currents with approximately 90 • phase difference. Connected parallel slot structure is adopted here to obtain low active input impedance of the array unit cell and realizes good impedance matching without using any extra balun. Shorted microstrip lines and curved phase shift line are used as the feeding. Furthermore, to avoid the backing radiation and keep unidirectional radiation, a metal reflector is added below the array aperture. Then, the connected slot shapes were modified to expand both the impedance and axial ratio (AR) bandwidth. From simulation, the infinite array achieves approximately 3.18:1 impedance bandwidth (from 1.57 to 5 GHz) with active VSWR ≤ 3 and 2.4:1 AR bandwidth (from 1.64 to 3.93 GHz) with AR ≤ 3 dB. A 4 × 4 CP connected parallel slot array was designed, fabricated and measured to verify the design concept. The measured results reveal a wideband CP performance and unidirectional radiation. Benefiting from the utilization of the backing reflector, the front-back-ratio of the 4 × 4 array is larger than 15 dB and the realized gain approaches the ideal aperture directivity.
I. INTRODUCTION
Circularly polarized (CP) wave have many advantages over linearly polarized (LP) wave such as polarization mismatch immunity, multipath fading mitigation and lower sensitivity to the Faraday rotation. Therefore, antennas and arrays with CP characteristic are popularly used in satellite and wireless communication and navigation systems. Subsequently, with the prosperity of these wireless systems, both wide axial ratio (AR) and impedance bandwidth for antennas and arrays are required to realize high wireless data rate, large communication capacity and frequency agility function.
In order to realize wideband CP performances, many researches have been done to expand the AR bandwidth of the antennas and arrays in the past few years. Initially, The associate editor coordinating the review of this manuscript and approving it for publication was Luyu Zhao . by exciting two or more orthogonal LP modes with equal amplitude and appropriate phase difference, the CP performance were obtained [1] - [2] . By adopting two feed points to excite two orthogonal LP modes, a wideband CP patch antenna with 37.7 % 3-dB AR bandwidth is realized [1] . The AR bandwidth of this kind of antenna is mainly determined by the bandwidth of the broadband balun, i.e. the broadband power divider and phase shift network. In general, it is not easy for such antennas to achieve extremely wide AR bandwidth because of the resonant working principle of the patch radiator.
Tapered slot antenna, as a traveling wave antenna, has inherent wideband characteristic and were widely adopted to achieve wide AR bandwidth [3] - [5] . In [4] , to get the CP performance, two Vivaldi antennas are arranged with cross placement and excited with 90 • phase difference by using a ultra-wideband power divider and phase shifter structure. VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ The 3-dB AR bandwidth of 118% is obtained. Although ultra-wide AR bandwidth can be realized by Vivaldi antennas, they suffer in high profile and have limitations in some applications such as conformal antenna. Spiral antenna is another kind of traveling wave antenna to realize CP radiation and it can be realized with planar structure. In [6] , an interwoven spiral array was proposed and a 10:1 bandwidth is achieved, but the CP purity is not good enough. In [7] , both wide impedance and AR bandwidth are achieved by connecting the arms of neighbor spirals. This connection results in less excess current at the end of the arms be reflected and bandwidth is improved. Although additional loads placed in the connections could improve the bandwidth, the array efficiency decreases. The AR bandwidth can be further expanded by sequentially rotating the elements to a ring array [8] . According to the working mechanism of spiral antenna, in the spiral antenna array, the element space is around half of wavelength at the lowest operation frequency so that the grating lobe will potentially appear at the high operation frequency.
Unlike the aforementioned antennas, tightly coupled dipole array and connected slot array which are basing on the Wheeler's infinite current sheet concept can achieve octave impedance bandwidth [9] . From the view of the wave propagation, infinite current sheet can be regarded as an infinite long travelling wave without any reflection, so wide impedance matching is realized. Furthermore, since the elements are directly or electrically connected, the antenna working area is not limited in one isolated element but can be extended to several elements and the array is able to work at low frequency, thus the bandwidth is improved. Meanwhile, low side-lobe level (SLL) can be achieved due to the small element space which is usually less than half wavelength of the highest operation frequency. Currently, the majority of these array studies focuses on single or dual linearly polarized (LP) arrays [10]- [13] . As mentioned above, theoretically, the dual LP array can be converted to the CP array by adding a feeding network of broadband power divider and phase shift structure at the input ports. Accordingly, the complexity and cost of the antenna system will increase.
There are few studies on the CP array with tightly coupled or connected array concept so far. Recently, efforts have been made to design CP array without complex balun by using tightly coupled array concept. In [14] , a tightly coupled crossed dipole CP array is proposed, and 3-dB AR bandwidth around 2.38:1 is achieved. Due to the absence of the backing reflector, there is inevitable 3 dB gain loss comparing with the theoretical aperture gain. And an absorber was used to realize the unidirectional radiation in the measurement, which led to radiation efficiency reduction.
In this paper, a wideband CP radiation is realized by a new connected parallel slot array without using any complex balun. For the proposed array, a metal plate reflector is added to keep unidirectional radiation and increase forward radiation gain. According to the image theory, the slot antenna can be closely placed over a metal reflector because the radiation of a slot can be equivalent to a magnetic current's radiation. So, the proposed CP connected parallel slot array has the potential to realize the low-profile characteristic. As usual, the proposed CP connected parallel slot array with infinite periods was studied. For verifying the design concept, a 4 × 4 CP connected parallel slot array prototype was simulated, fabricated and measured. Both wide impedance and AR bandwidth were verified by the measured results. Despite the presence of the metal reflector, wide impedance bandwidth and AR bandwidth of 3.18:1 and 2.4:1 are achieved, respectively. The measured gain of the fabricated array approaches the ideal aperture directivity.
This paper is organized as follows. Section II introduces the configuration of the unit cell and performance for the connected parallel slot array with infinite periods. The simulated and measured results of a 4 × 4 array prototype are presented in Section III. A brief conclusion is given in Section IV. 
II. UNIT CELL DESIGN AND ANALYSIS
Design and analysis of the proposed array unit cell was carried out in the commercial electromagnetic simulation software HFSS. Periodic boundary condition is adopted to imitate the working environment of the unit cell in infinite period.
A. UNIT CELL CONFIGURATION AND SIMULATION RESULTS
Knowing from our previous LP array design [15] , by adding a parasitic slot to the conventional connected slot array, the unit cell aperture impedance can be lowered and the array can be directly matched to a 50 connector. To avoid the complex balun and maintain the wideband performance, the connected parallel slot structure proposed in [15] is adopted here.
The geometry of the proposed CP connected parallel slot array unit cell is depicted in Fig. 1 . As shown in Fig. 1 , two connected parallel slots were used and one was rotated ninety degrees relative to the other, which are etched on the bottom side of the substrate (Rogers 5880, thickness=20 mil and ε r = 2.2). Two shorted microstrip lines and one 3/4 ring phase shift line were adopted as the feeding structure, which are printed on the top side of the substrate. A 50 connector is used to feed the unit cell directly. The excited slots and parasitic slots have identical dimensions. The unit cell size is 30 mm × 30 mm and the distance between the array aperture and the metallic backing reflector is 20 mm.
The excited orthogonally arranged connected slots provide two equivalent magnetic currents in orthogonal directions, and the 3/4 ring phase shift line guarantees approximately 90 • phase difference between these two equivalent magnetic currents, as a result, CP radiation is obtained. Periodic boundary condition reveals that the equivalent magnetic current of each unit cell is connected and forms the infinite magnetic current sheet, so the wide bandwidth is realized [9] . Impedance matching and CP radiation performance of the unit cell in term of active VSWR and AR are both plotted in Fig. 2 . Approximately 3:1 impedance bandwidth (from 1.38 to 4.19 GHz) with active VSWR ≤3 and 1.96:1 AR bandwidth (from 1.39 to 2.73 GHz) with AR ≤3 are achieved.
B. BANDWIDTH IMPROVEMENT OF THE UNIT CELL
In Part A, the two orthogonal equivalent magnetic currents are realized and wideband impedance and AR bandwidth has been achieved. Furthermore, it can be observed from Fig. 2 that the VSWR performance around 5.1 GHz and the AR performance around 3.9 GHz has the potential to be further improved, i.e., both the impedance and AR bandwidth of the unit cell can be further expanded.
The respective impedance matching of the two orthogonal equivalent magnetic currents can be changed by modifying the slots' shapes. Accordingly, impedance matching and CP radiation performances of the unit cell can be adjusted. Fig. 3 depicts the modified unit cell configuration with elaborately optimized slots' shapes. The approximate square metallic patches connecting to the feed lines were modified to be H -shape patches. The H -shape patches are able to increase inductance for compensating large capacitance of input reactance and moderating the input resistance. By this way, impedance matching is improved. Comparing to the square patches, the H -shape patches bring more freedom to adjust the impedance matching of the two orthogonal slots, respectively. Then, the radiation proportion of the two equivalent magnetic currents in orthogonal directions can be adjusted and close to be balanced. Consequently, CP radiation performance is improved. In addition, other patches were also modified to obtain optimized results. Fig. 4 shows the simulated active VSWR and AR of the modified unit cell. Comparing the active VSWR and AR results in Fig. 2 and 4 , we can see that, the impedance matching and CP radiation performance were both improved around the aforementioned frequencies. As plotted in Fig. 4 , the impedance bandwidth was improved to 3.18:1 (from 1.57 to 5 GHz) and the AR bandwidth was improved to 2.4:1 (from 1.64 to 3.93 GHz). Detailed optimized dimensions of the modified unit cell are tabulated in Fig. 3 . The modified unit cell size and the distance between the unit cell and the backing reflector remain the same as that of the unit cell in Part A. Realized broadside co-polarization gain of the modified unit cell and the ideal aperture directivity are compared in Fig. 5 . Besides, the simulated realized total gain of the modified unit cell in the absence of the backing reflector is also shown in Fig. 5 for reference. Since there is some deterioration in AR of the unit cell when the backing reflector is absent, the total gain is adopted here for the sake of fairness. Observing from Fig. 5 , boresight gain of the unit cell is improved more than 2.5 dB through adding the backing reflector. Thanks to the utilization of the backing reflector, the broadside gain of the proposed unit cell approaches the ideal aperture directivity in most operation frequency band. And the simulated unit cell broadside gain is at most 1.08 dB smaller than the ideal aperture directivity across the operation frequency band. Comparing to the array in the absence of the backing reflector, unidirectional radiation is achieved and broadside gain is improved a lot.
III. 4 ×4 CP CONNECTED PARALLEL SLOT ARRAY PROTOTYPE DESIGN AND MEASUREMENT
The studied array in Section II is the one with infinite unit cell located periodically. Here, in order to verify the design concept, a 4 × 4 CP connected parallel slot array prototype was simulated, fabricated and measured.
The configuration of the 4 × 4 CP array prototype is depicted in Fig. 6 . From our simulations, to alleviate the edge effect as low as possible, the H -shape patches were kept complete and the position of the connector was moved to the corner accordingly. All dimensions maintain the same as that of the modified unit cell. The size of the array is 120 mm × 120 mm. Fig. 7 gives the simulated electric field distribution of the 4×4 CP array at the operation frequency of 2.8 GHz on the reference plane. The reference plane is 50 mm above and parallel to the array aperture. Seen from Fig. 7 , the electric field rotates in clockwise and the array radiates left-hand circular polarization (LHCP) wave. The electric field distributions of other frequencies are in the same rotation of the center frequencies 2.8 GHz, i.e., the proposed array realizes wideband LHCP radiation. Obviously, the proposed array can radiate right-hand circular polarization (RHCP) wave by inverting the phase shift line.
A fabricated 4 × 4 CP connected parallel slot array prototype is displayed in Fig. 8 . Active reflection coefficient at broadside can be obtained by adding the mutual coupling coupling coefficients to the passive reflection coefficient, which can be calculated from the following equation,
S-parameters were measured by the Agilent E8361A Vector Network Analyzer (VNA). AR was measured in anechoic chamber. Measured and simulated active VSWRs of the center element in the 4 × 4 CP array are plotted in Fig. 9 along with the measured and simulated broadside ARs of the array. As illustrated in Fig. 9 , it can be observed that the measured active VSWR and AR were in good agreement with the simulated results. Minor discrepancy may be caused by the fabrication and assembly errors. Comparing to the infinite array, some ripples occurs at the low frequency which is due to the limitation of the array scale, but measured and simulated active VSWRs of the center elements is less than 2 within the most operation frequency band. Here, the array prototype was measured to verify the design concept at broadside, in realistic application, a power divider can be integrated with the proposed connected parallel slot array to feed the array with one port. When the array scans from broadside, especially to large scanning angles, the active VSWR and AR will deteriorate accordingly. Improving the VSWR and AR will deteriorate accordingly. Improving the scanning range of the proposed CP array is our future work. The farfield radiation pattern of the 4 × 4 CP array prototype was measured in anechoic chamber by using the Unit Excitation Active Element Pattern (AEP) method [16] . Radiation pattern of each element was measured while the remaining elements were terminated with 50 loads. Subsequently, the array radiation pattern can be synthesized from the measured AEPs. Normalized measured and simulated array radiation patterns at 1.9, 3 and 4 GHz of two principle planes are shown in Fig. 10 , respectively. All patterns were normalized to their respective maximum gains. Measured radiation patterns are consistence with the simulated patterns. Observing from Fig. 10 , good unidirectional radiation with at least 15 dB front-back-ration and CP radiation are achieved around 2.1:1 bandwidth. Note that side-lobe level is less than −11.8 dB across the entire operation frequency band.
The measured and simulated realized broadside gain of the 4 × 4 CP array prototype and corresponding ideal aperture directivity are given in Fig. 11 . In addition, the realized total gain of the 4 × 4 CP array in the absence of the backing reflector is also plotted in Fig. 11 for reference. It can be seen form Fig. 11 that, comparing to the array without the reflector, the realized broadside gain of the 4 × 4 CP array in the presence of the backing reflector is improved and approaches the ideal aperture directivity. The simulated and measured realized broadside gain of the proposed array are at most 1.5 dB and 2.3 dB smaller than the ideal aperture directivity from 1.9 to 4 GHz (2.1:1 bandwidth).
To better show the performance and advantages of the proposed 4 × 4 CP connected parallel slot array, a brief comparison about the impedance bandwidth, AR bandwidth size, array size, realized broadside gain and corresponding ideal aperture directivity of the proposed 4 × 4 CP array in this paper and the 4 × 4 CP array in previously published reference [14] are tabulated in Table 1 . Observing from Table 1 , comparing to the previously published CP array, the proposed CP array has almost the same impedance and AR bandwidth. Furthermore, benefiting from the utilization of the metallic backing reflector, the broadside gain of the proposed array approaches the ideal aperture directivity, but the broadside gain of the previously published array is more than 3 dB smaller than its ideal aperture directivity, which shows the broadside gain improvement by our proposed array.
IV. CONCLUSION
A wideband CP connected parallel slot array is proposed for wireless and satellite communication systems. Orthogonal connected parallel slots and a simple 3/4 ring phase shift line are adopted to realize CP radiation. A backing reflector is used to keep the unidirectional radiation. Impedance bandwidth of 3.18:1 and AR bandwidth of 2.4:1 are achieved by the infinite array. A 4 × 4 array prototype was measured and verifies the design concept. By utilizing a backing reflector, the proposed CP connected parallel slot array realizes the unidirectional radiation, avoids the 3dB backward radiation gain loss and the broadside gain approaches the ideal aperture directivity. Despite using a reflector, both wide impedance and AR bandwidth are maintained.
